A b s t r a c t. The degradation rates of three herbicides (alachlor, atrazine, and bentazone) were examined according to OECD Guideline 307 in three profiles of grey-brown podzolic soil (Luvisol) in a laboratory experiment. The aim of the experiment was to determine herbicide degradation parameters and their relationships with soil properties. Degradation processes were effectively described by a first-order model. However, in some cases, the best results were produced by bi-phasic kinetics (hockey-stick and bi-exponential model). The degradation rates of the tested herbicides at 25°C and 40% maximum water holding capacity, established based on half-life values in the Ap horizon, increased in the following order: atrazine (32.6-42.8 days)
INTRODUCTION
Pesticides introduced into soil undergo various physical, chemical, and biological transformations, including concurrent sorption, degradation, and translocation along the soil profile. Numerous attempts have been made to correlate sorption and degradation processes with soil parameters (Ghafoor et al., 2011a; Norgaard et al., 2015; Vinther et al., 2008) . The organic matter content and the biomass of soil microorganisms decrease with an increase in profile depth; therefore, pesticide degradation in subsoils is slower (Goberna et al., 2006) . However, in some cases, the degradation rate may increase deeper into the soil profile (Karpouzas et al., 2001) , for example, when the decrease in the organic matter content in subsoils is accompanied by an increase in the bioavailability of the pesticide (Di et al., 1998) . The activity of soil enzymes and the overall biological activity of soil are usually well correlated with pesticide degradation rates in topsoil. However, this correlation is much weaker in subsoils. The degradation rate in soil horizons with a depth of around 1 m is often lower than that estimated based on biomass content and other indicators of microbial activity, including organic matter content (Paszko, 2009; Rodríguez-Cruz et al., 2008) . Therefore, the best method so far is the direct determination of degradation rates in individual soil horizons.
This study describes the degradation rates of three herbicides -alachlor (2-chloro-2', 6'-diethyl-N-methoxymethylacetanilide), bentazone (3-isopropyl-1H-2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxide), and atrazine (6-chloro-N 2 -ethyl-N 4 -isopropyl-1,3,5-triazine-2,4-diamine) -in three profiles of Polish Luvisols. Alachlor is a chloroacetanilide herbicide for controlling annual grasses and broadleaf weeds, primarily in the cultivation of maize, soybeans, peanuts, cotton, and cabbage. It undergoes weak sorption in soil (organic carbon normalized adsorption coefficient K OC = 33-742 cm 3 g -1 , Wauchope et al., 1992) and can leach to surface water and groundwater (Spalding et al., 2003; Vryzas et al., 2012) . Alachlor can undergo chemical decomposition (Chou, 1977) and photodegradation in soil (Fang, 1979) , but microbial degradation DT 50 -50% disappearance time) (Tomlin, 2006) has the greatest practical relevance (Dehghani et al., 2013) . Bentazone is a benzothiadiazine herbicide for controlling dicotyledonous weeds. It is weakly adsorbed in soil (K OC =13.3-176 cm 3 g -1 , Tomlin, 2006) , and it is decomposed mainly by microorganisms (Blume et al., 2004; Li et al., 2008) , although photolytic degradation has also been reported (Huber and Otto, 1994) . This compound has a DT 50 value of around 4-21 d in field conditions and 8-102 d in laboratory conditions (PPDB, 2016) . Atrazine is a triazine herbicide that is commonly used to protect maize and soybeans. Atrazine adsorption in soil is relatively weak (K OC = 39-173 cm 3 g -1 ), and it is degraded mainly by microorganisms (Li et al., 2008) at a slow rate (DT 50 =16-77 d, median 41 d (Tomlin, 2006) ). Atrazine and alachlor are highly toxic for the environment, and they are not approved for use in the European Union (EU pesticide database, 2016). However, both herbicides are used in other countries, including the USA (NPIC, 2016) .
In programs modelling the translocation of active substances into groundwater, which are recommended by FOCUS (2014) and mandatory in the pesticide registration process in the EU, the half-life values of pesticides should be specified for topsoil as well as the values of the depth-dependent degradation factor (DDDF) for subsoils. The DDDF value describes the difference between the degradation rates in the examined horizon and topsoil. Previous research (Paszko, 2009; 2014) has demonstrated that DDDF values for the coarsest Polish soils developed on sands (Arenosols according to the IUSS Working Group WRB, 2015) are lower than the default values proposed in FOCUS programs. These findings also suggest that DDDF values could be lower for Luvisols, which account for around 50% of agricultural soils in Poland (Bieganowski et al., 2013) . The prevalent soil types in Poland are coarser or have lower organic carbon content (European Commission, 2014) , which implies that some active substances that have been approved for use in the EU should not be applied in Poland due to the risk of exceeding the allowable concentrations in groundwater.
The aim of this study was to determine the DT 50 and DDDF values of alachlor, atrazine, and bentazone in horizons of three Polish Luvisol profiles. Herbicide degradation parameters were correlated with the physicochemical properties of soil, and the nature of the determined DDDF values was evaluated.
MATERIALS AND METHODS
Three profiles ( Fig. 1 Sobieszyn (SO) (22˚17΄N, 51˚60΄E). The methods of soil analysis have been described elsewhere (Paszko, 2014) . Soil samples were collected in autumn after the harvest of cereals fertilized with up to 75-30-40 kg of NPK ha -1 in the growing season and application of active substances of the plant protection products 0.3-0.7 kg ha -1 . Residues of the examined herbicides were not determined in any of the examined blank samples. Sampling depth was not based on diagnostic criteria for the examined horizons, but on expected changes in microbial activity based on FOCUS (2014) recommendations. Soil samples were collected carefully to prevent contamination from other horizons. They were passed through a 2 mm sieve, adjusted to 40% maximum water holding capacity (MWHC), and stored in the dark at 5°C. The soil samples were collected not earlier than 1 month before the beginning of the experiments.
Methanol solutions of the tested herbicides at a concentration of 100 mg l -1 each were prepared using analytical grade methanol (POCH, Gliwice, Poland) and certified analytical standards (99.7-99.8% ± 0.2) of alachlor, bentazone, or atrazine (Institute of Organic Industrial Chemistry, Warsaw, Poland). The other chemicals were of analytical or HPLC grade.
Herbicide degradation experiments were performed in darkness at 25 and at 5°C for the Ap horizon according to OECD Guideline 307 (OECD, 2002) . Soil samples stored at 5°C and intended for degradation at 25°C were preincubated at 25°C for 5 days. Next, soil samples with dry weight of 15 g each were placed in incubation flasks and spiked with the respective herbicide methanol solutions. The solvent was evaporated, soil was added to obtain samples with dry weight of 50 g each, and the contents of each flask were thoroughly mixed. The final concentrations of alachlor, atrazine, and bentazone (5.0, 5.0, and 2.5 mg kg -1 soil dry weight, respectively) were established based on the maximum herbicide doses permitted in Poland. Finally, water content was adjusted with sterile redistilled water to 40% MWHC. This step was repeated once a week. On days 0, 2-4, 7-8, 14-15, 21-22, 29-30, 60-61, 89-90, and 120-128 (depending on the analysed herbicide), soil samples with dry weight of 5 g each were collected from the incubation flasks and placed in 30 cm 3 polypropylene tubes. Next, 5 cm 3 of the methanol : 0.1 M NaOH solution (alachlor and bentazone) or 10 cm 3 of methanol (atrazine) was injected; the tubes were agitated on a rotary shaker for 2 h and centrifuged (10 min, 2 790 g) to separate the liquid phase for analysis. The recoveries were in the range of 70-100%. All degradation experiments were performed using duplicate soil samples.
A 20 μl portion of the herbicide solution was injected into a WellChrom (Knauer, Berlin, Germany) HPLC system equipped with two K-500 pumps, a K-2500 UV-VIS detector and a Hypersil Gold C 18 column (100 × 3.0 mm, 3 μm particle size, Thermo Electron Corporation, Runcorn, United Kingdom) preceded by a Hypersil Gold C 18 guard column (10 × 3.0 mm, 3 μm particle size). The mobile phase was 40% acetonitrile for atrazine, 55% acetonitrile for alachlor, and acetonitrile/0.25% H 3 PO 4 (64:36 v/v) for bentazone. The flow rate of the mobile phase was 0.7 cm 3 min -1 with a run time of 4-6 min per sample. The detection wavelength was 202 nm for alachlor and bentazone, and 222 nm for atrazine. All measurements were performed at least in duplicate.
The results of the degradation experiments were fitted to a first-order kinetic model, three bi-phasic kinetic models (Gustafson and Holden, hockey-stick and bi-exponential models (the latter abbreviated as Double-First-Order in Parallel model, DFOP)) and one lag-phase model (modified hockey-stick model). The models are described in detail in FOCUS (2006 (FOCUS 2006) , and the values of the adjusted coefficient of multiple determination (r a 2 ) as well as determination of activation energy (E a ) from the Arrhenius equation have been previously described by Paszko (2009) and Paszko (2014) .
Data were processed statistically in the Statgraphics Centurion XVI program. Both Pearson (r) and Spearman rank (ρ S ) correlation coefficients were used because Pearson r is a measure of linear relationships, whereas ρ S measures both linear and nonlinear correlations and is less sensitive to outliers. A principal component analysis (PCA) was performed to account for the collinearity between soil properties and degradation rates.
RESULTS AND DISCUSSION
The results of the degradation experiments and the fitted chemical kinetics equations are presented in Fig. 2 . In most cases, the first-order kinetic model provided the best results (lowest RSS and χ 2 error and highest r a 2 values). This model assumes that the number of pesticide molecules is small relative to the number of degrading microorganisms and their enzymes, and, consequently, that the degradation rate at any time is directly proportional to the actual concentration remaining in the system (FOCUS, 2006) . The first-order kinetic model is generally regarded as indicative of cometabolic degradation, where the process does not result in the proliferation of degrading organisms (Rodríguez-Cruz et al., 2008; Schmidt et al., 1985) . In some circumstances, such kinetics could reflect the behaviour of the compound as a primary substrate without inducing major changes in the size of microbial populations (Rodríguez-Cruz et al., 2008) . First-order kinetics has been observed previously for alachlor (Rodríguez-Cruz and Lacorte, 2005) , bentazone (Ghafoor, 2011a; Li et al., 2008) and atrazine (Fang et al., 2015; Jenks et al., 1998; Li et al., 2008) .
In the degradation experiment of atrazine in the HT profile, the hockey-stick model provided the best fit for the data from Ap (r a 2 = 0.990, χ 2 error = 3.86) and E (r a 2 = 0.997, χ 2 error = 2.49) horizons. The hockey-stick model also produced the best results for the degradation of alachlor in the Bt2 horizon of the SO profile (r a 2 = 0.989, χ 2 error = 4.29). In the experiment evaluating the degradation of bentazone in the Bt2 horizon of the SO profile, the best fit (r a 2 = 0.890, χ 2 error = 5.98) was achieved for the DFOP model. The satisfactory results delivered by the two bi-phasic kinetic models could point to a minor decrease in the herbicide concentration in the soil solution due to slow sorption (Pignatello and Xing, 1995) , or they could be influenced by the values of the Freundlich coefficient 1/n << 1. However, the examined herbicides are rather weakly adsorbed in soils. Since degradation is not expected to be limited by sorption for compounds with K OC < 100 cm 3 g -1 (Ghafoor et al., 2011b) , the satisfactory results for the bi-phasic kinetic models are more likely to be associated with decreased activity of soil microorganisms resulting from limited availability of nutrients or carbon at the end of the experiment. However, the values of χ 2 error and r a 2 did not differ considerably, and the values of rate constant k and DT 50 determined in the firstorder kinetic model (Table 2) were sufficiently consistent with FOCUS (2006) recommendations. Therefore, successive parts of the discussion will be based on the results of first-order kinetics.
The degradation rates of the examined herbicides decreased with an increase in soil depth (Fig. 2, Table 2 ), which corroborates the findings of other authors (Blume et al., 2004; Rodríguez-Cruz et al., 2008; Shapir and Mandelbaum, 1997; Yen et al., 1994) . The activity of soildwelling microorganisms and their ability to degrade pesticides are positively correlated with organic matter content (Ghafoor et al., 2011b; Kah et al., 2007) , which decreases with soil depth. This clearly suggests that microbial degradation was the predominant process in our experiment. The only exception was noted for atrazine in the HT profile, where the evaluated compound was degraded at a somewhat faster rate in the E horizon than in the Ap horizon. A comparison of atrazine degradation rates in the Ap horizon indicates that this herbicide was degraded at a similar rate in the HT profile as in the WO and SO profiles. By contrast, atrazine was degraded much faster in the E horizon than in the Bt1 horizon of the WO and SO profiles (DT 50 values, Table 2 ). An exception to the rule that the degradation rate decreases with depth was previously reported e.g. by Di et al. (1998 (Table 1) . These results indicate that the degradation potential is correlated with the organic matter content of soil. The average DT 50 value noted in the 9 examined horizons of three soil profiles was lowest for alachlor ( Analyses of Pearson (r) and Spearman (ρ S ) correlation coefficients (Table 3 ) revealed significant positive correlations between the degradation rates of the examined herbicides and soil C OC values (0.758 < r < 0.948; 0.767 < ρ S < 0.917). Similar correlations were previously reported by Blume et al. (2004) for atrazine and by Ghafoor et al. (2011a) , Rodríguez-Cruz et al. (2006) and (2008) for bentazone.
The results of this study also indicate that in most cases, degradation rates were significantly negatively correlated with clay content (-0.865 < r < -0.582; -0.898 < ρ S < -0.746). Because MWHC was correlated with clay content (r = 0.860; ρ S = 0.814), the values of Pearson correlation coefficients revealed to a negative correlation between MWHC and the degradation rates of alachlor (r = -0.702) and atrazine (r = -0.730). However, the r-values were lower than the values for C clay and the ρ S values were not significant (Table 3) . This implies that microbial activity and degradation rates are more likely to be negatively influenced by C clay than MWHC. A negative correlation between pesticide degradation rate and clay content was previously reported by Walker (1985) and Allen and Walker (1987) . However, in our study, the C OC and C clay values were highly negatively correlated with each other (Table 3 and Fig. 3) , which is typical of Luvisols. The negative correlation between C clay and degradation rate could be attributed to multicollinearity resulting from the negative correlation between C clay and C OC .
The relationships between the degradation rates of alachlor, bentazone, and atrazine, and soil properties (Table 1) are presented graphically in the PCA plot in Fig. 3 . In twocomponent space (the eigenvalue for the third component was 0.87), the first component explained 60. degradation rate coefficients for alachlor (C1 0.37, C2 0.03), atrazine (C1 0.36, C2 -0.14), and bentazone (C1 0.31, C2 0.01). The above variables are located on the right side in Fig. 3 , and they are highly positively correlated with each other (Table 3 ). The smallest negative weights on the first component were observed for C clay (C1 -0.37, C2 0.21), average sampling depth (C1 -0.37, C2 -0.17), and MWHC (C1 -0.34, C2 0.05). These variables are located on the left side in Fig. 3 , and they are highly negatively correlated with degradation rates and C OC and positively correlated with each other (Table 3 ).
The largest weight on the second component was determined for C sand (C1 0.14, C2 0.64) and the smallest weight was noted for C silt (C1 0.14, C2 -0.65). These two variables, located on the opposing sides in Fig. 3 , are negatively correlated with each other and are not correlated with C OC or first-order degradation rate coefficients of the examined herbicides (Table 3) . Thus, both PCA and correlation analysis suggest that neither of the two variables affects degradation. The small weights for pH (C1 0.22, C2 0.26) also indicate that this variable is less important in terms of its effect on degradation rates. Interestingly, the values of both Pearson and Spearman correlation coefficients indicate Depth -correlations based on average depth in the examined horizons (Table 1) . that degradation rate and pH are bound by positive but not significant correlations. Near-neutral pH contributes to biomass growth because bacterial populations in acidic soils decrease in response to the adverse effects of exchangeable Al (Moreale and van Bladel, 1980 Scorza et al. (2004) , which is close to our results (52.5-88.5 kJ mol -1 , average of 74.0 kJ mol -1 ), and the extremely high value of 113.3 kJ mol -1 obtained by Boesten and van der Pas (2000) . Given the variability of the above results (see also the E a values for MCPA in Paszko (2009) and for carbendazim in Paszko and Skrzypek (2010) ), a default value of 68.9 kJ mol -1 , which is recommended for pesticides by EFSA (2008) , should give correct results for the relationship between temperature and pesticide degradation rates in Polish soils.
The main aim of this study was to determine the depthdependent degradation factor (DDDF) for the examined soils. The DDDF value for horizon X in the soil profile was calculated with the use of the following formula: DDDF(X) = k(X)/k(Ap), where k is the first-order rate constant. High variability of DDDF can be observed in the upper subsoil horizon (E or Bt1, sampling depth of 25-50 cm) ( Table 2 ). The arithmetic mean of 9 values is 0.42 (SD 0.40; SDstandard deviation). This could be attributed to the fact that the degradation rate of atrazine in the upper subsoil horizon of HT was 37% higher than in the topsoil, and the degradation rates of alachlor and bentazone in WO decreased to 6-7% of the rates in topsoil. Such high variability could partially result from the minor differences in sampling depth (Table 1) . Highly variable degradation rates are typical of subsoils, as demonstrated by Rodríguez-Cruz et al. (2006) . The average value of DDDF for lower subsoil horizons (Bt and Bt2, sampling depth of 55-90 cm) was 0.11 (SD 0.07) . In this soil horizon, the variability of DDDF was lower despite the greater differences in sampling depth. This can probably be attributed to the low variability of organic matter content (C OC 0.04-0.12%) and microbial biomass in this horizon.
The results of one-way ANOVA, performed separately for two subsoils, did not reveal significant differences in DDDF values for the examined herbicides at the probability level of 95%. Therefore, it can be concluded that DDDF values are soil-specific and are dependent mainly on soil properties. According to Kördel et al. (1995) , microbial populations are similar across soil horizons due to the migration of soil-dwelling microorganisms from topsoil to subsoils and microbial exchange between horizons. Similar microbial patterns should lead to similar pesticide degradation patterns throughout the soil profile. These observations suggest that averaged results should be used to reliably estimate DDDF values for subsoils in the examined soil type.
The DDDF values for the three examined horizons (Paszko and Skrzypek, 2010) . The values for the Eg and Bt horizons were higher than the above average values because Paszko and Skrzypek (2010) collected soil samples at a lower depth. Paszko (2009) and (2014) The default values of DDDF proposed by FOCUS (2014) for Tier 1 calculations of pesticide translocation into groundwater using pesticide-leaching models are 1: 0.5: 0.3 for sampling depths of 0-30, 30-60, and 60-100 cm, respectively. Our findings indicate that the DDDF values for subsoils (0.5 and 0.3) will lead to the underestimation of pesticide translocation to groundwater in some Polish soils. The calculated median values are more reliable indicators of the degradation potential of subsoils for Polish Luvisols and the respective horizons of Wick series soils (Rodríguez-Cruz et al., 2006 . CONCLUSIONS 1. The degradation potential of the three examined soil profiles (Huta Turobińska > Sobieszyn > Wola Osińska) corresponded to the decreasing order of the average content of organic carbon in the profiles. The values of depthdependent degradation factor are more soil-specific than substance-specific; therefore, the average depth-dependent degradation factor values for the examined herbicides for topsoil and two subsoils (1: 0.42: 0.11) were almost identical to the depth-dependent degradation factor values determined based on organic matter content (1: 0.45: 0.12). Based on the average degradation rates for both topsoil and subsoils, the analysed pesticides were arranged in the following order: alachlor > bentazone > atrazine, which indicates that degradation rates in individual horizons are substance-specific.
2. The values of depth-dependent degradation factor obtained for topsoil and two subsoil horizons (1: 0.42: 0.11 -based on average values and 1: 0.31: 0.12 -based on median values) reflect the degradation potential of subsoils in Polish Luvisols. The values of depth-dependent degradation factor are soil-specific; therefore, they can also be used to examine other pesticides in this soil group. However, subsoil degradation rates are highly varied, and further research is needed to validate this finding. The results of this study indicate that soil degradation behaviour can be estimated reliably and relatively easily based on determination of typical depth-dependent degradation factor values for subsoils of soil groups used mostly in agriculture.
